Carbonyl stress is one of the important mechanisms of tissue damage in vascular complications of diabetes. In the present study, we observed that the PAI-1 levels in serum and its gene expression in adipose tissue were up-regulated in aged Otsuka Long-Evans Tokushima Fatty (OLETF) rats, model animals of obese type 2 diabetes.
Adipose tissue directly secretes biologically active molecules (adipocytokines) including plasminogen activator inhibitor-1 (PAI-1) and actively affects other tissues. This is thought to be one of the risk factors for the development of obesity-linked disorders (1) . High plasma PAI-1 activity, which regulates fibrinolytic as well as thrombotic processes, is a frequent finding in obesity (2) (3) (4) and/or in Type II (noninsulin-dependent) diabetes (5) (6) (7) . Among the studies about PAI-1 expression in adipose tissue, biological significances of visceral fat during the development of obesity have been highlighted (8) . Furthermore, Alessi et al. (9) demonstrated that human adipocytes in culture produce PAI-1 and that omental fat produces more PAI-1 than subcutaneous adipose tissue in obese or non-obese individuals. However, the mechanism leading to up-regulation of PAI-1 has not clearly been elucidated.
The pathological conditions of diabetes with obesity have been widely associated with reactive oxygen species (ROS) and reactive carbonyl species (RCS), which may be key intermediates leading to diabetic complications. RCS originates from a multitude of mechanistically related pathways, like glycation (10) and lipid peroxidation (11) .
Glycation, a spontaneous amino-carbonyl reaction between reducing sugars and proteins, is a major source of RCS production. The complex reaction sequence is initiated by the reversible formation of a Schiff base, which undergoes an Amadori rearrangement to form a relatively stable ketoamine product during early glycation. A series of further reactions involving sugar fragmentation and formation of α-dicarbonyl compound yield stable advanced glycation end products (AGEs) under chronic hyperglycemia (12, 13) . Carbonyl stress also leads to the intracellular formation of 4-hydroxy-2-nonenal (HNE), one of the active endproducts of lipid peroxidation.
Interestingly, RCS and AGEs can exert their detrimental cellular effects by increasing ROS production (14) , thereby forming a vicious cycle of ROS and RCS production.
In the present study, to investigate the mechanisms underlying increased PAI-1 levels in obese diabetic conditions, we performed both in vivo and in vitro studies. For in vivo studies, gene expression and secretion of PAI-1 were measured in visceral adipose tissue using Otsuka Long-Evans Tokushima Fatty (OLETF) rats, model animals of obese type II diabetes (15) . In parallel with the progression of diabetes, serum levels of both AGE and malondialdehyde (MDA) derived from lipid peroxidation were shown to increase (16, 17) . For in vitro studies, we examined the effects of AGE and HNE on the PAI-1 activity and its gene expression in rat white adipocytes differentiated in vitro. We focused on the role of carbonyl stress in the up-regulation of PAI-1 expression.
EXPERIMENTAL PROCEDURES
Animals---Male Otsuka Long-Evans Tokushima Fatty (OLETF) rats, model animals of Type II diabetes mellitus established in 1990 at Tokushima Research Institute (Otsuka Pharmaceutical Co., Ltd.) (15) , were generously supplied at the 4-week-old age. Male Long-Evans Tokushima Otsuka (LETO) rats served as normal controls. These animals were kept in an air-conditioned room (23 ± 2 °C, 55 ± 5 % humidity) lighted 14 h a day (06:00 to 20:00) and were maintained on a standard diet and water ad libitum. These rats were sacrificed at 12, 20, 30 and 50 weeks of age and blood was collected for determination of the plasma PAI-1 and 8-hydroxy-2'-deoxyguanosine (8-OHdG). Immediately after decapitation, visceral fat was dissected out and frozen in liquid nitrogen and stored in deep freezer (-80°C) until use. At the 29-week-old age, OLETF and LETO rats were divided into 4 groups, which were injected with probucol (3, 10, 30 mg/kg s.c.) or vehicle (0.1% DMSO containing ethanol) for 7 days.
Cell culture---White fat precursor cells were isolated from epididymal fat pad of 4-week-old male Wistar-Imamichi rats. Briefly, the minced tissue was incubated in a HEPES-buffered solution (pH 7.4) containing 0.2% collagenase type II (Sigma Chemical, St. Louis, MO, USA) for 20 min at 37°C with vortexing every 5 min. After incubation, the tissue remnants were filtered through a 250-µm nylon screen into plastic test tubes. The tubes were placed on ice for at least 30 min to allow the mature white fat cells and lipid droplets to float on the surface of the cell suspension. The infranatant (stromal-vascular fraction) was collected and filtered through a 25-µm nylon screen to remove cell aggregates. The stromal-vascular fraction containing precursor cells was pelleted by a centrifugation for 10 min at 700 x g, and resuspended in the culture medium. The cells were plated in six-well multiplates and cultured in DMEM (containing 5.55 mM glucose) supplemented with 10% fetal bovine serum, 4 nM insulin, 25 mg/ml sodium ascorbate, 10 mM HEPES (pH 7.4), 4 mM glutamine, 50 IU/ml penicillin and 50 µg/ml streptomycin. The cells were grown at 37°C under an atmosphere of 5% CO 2 in air and characterized morphologically on day 11-13 after plating. At this stage, cells were recognized to be differentiated to mature white adipocytes. AGE-BSA at the concentrations of 0.01, 0.03, 0.1 and 0.3 mg/ml and nonglycated BSA as a control at the concentrations of 0.1 and 0.3 mg/ml were added to the cells. Cells were exposed to AGE-BSA or BSA for 2, 4, 8, 12 and 16 h. Antioxidants such as 10 µM pyrrolidinedithiocarbamate (PDTC) and 50 µM probucol were added to the culture medium 9 h prior to the harvest of the cells. 4-hydroxy-2-nonenal (HNE) dissolved with 0.1% DMSO at the concentrations of 3, 10, 30 and 100 µM were added to the cells. Cells were exposed to HNE for 2, 4, 8 and 16 h. N-acetylcysteine (NAC), a precursor of glutathione and L-buthionine-S, R-sulfoximine (BSO), a γ-glutamylcysteine synthetase inhibitor were added to the cells for 24 h at the concentrations of 1, 5, 20 mM and 10, 50, 100 µM, respectively.
Preparation of AGE---AGEs were prepared by incubating 50 mg/ml bovine serum albumin (BSA) (fraction V, fatty acid-free, low endotoxin; Sigma Chemical, St. Louis, MO, USA) with 0.5 M glucose-6-phosphate in phosphate-buffered saline (PBS) (10 mM, pH 7.4) at 37°C for 4 weeks as described (18, 19) with a slight modification.
Unmodified BSA was incubated under the same conditions without glucose-6-phosphate as controls. Unincorporated sugar was removed by dialysis against phosphate-buffered saline. The concentrations of glycated BSA and control BSA was measured by the method of Lowry et al. (20) .
Measurement of PAI-1 levels in serum and culture medium---PAI-1 levels were determined by measuring of active PAI-1 in the culture medium as follows. After 9-11 days of culture, the medium was replaced with 1 ml of fresh medium with 0.1% instead of 10% fetal bovine serum. AGE-BSA or HNE was added at concentrations of 0.01, 0.03, 0.1, 0.3 mg/ml or 3, 10, 30, 100 µM, respectively. In some cells, antioxidants (10 µM PDTC or 50 µM probucol), a glutathione precursor (1, 5, 20 mM NAC) or a γ-glutamylcysteine synthetase inhibitor (10, 50, 100 µM BSO) was added to the culture medium 9 h or 24 h prior to the harvest of cells. For the high glucose experiments, cells were incubated in 30 mM glucose for 48 h. During the last 24 h of incubation, the medium was replaced with 1 ml of fresh medium containing 30 mM glucose with 0.1 % instead of 10 % fetal bovine serum. In some experiments, the cells were incubated in 30 mM glucose in combination with antioxidants (10 µM PDTC or 50 µM probucol) for 48 h. After incubation, PAI-1 concentrations of the culture medium were determined using rat PAI-1 ELISA kit (Molecular Innovations, Royal Oak, MI, USA) and were expressed as nanograms of active PAI-1 released from white adipocytes per mg of cell protein.
Protein contents of the cells were determined as follows. Cells were rinsed twice with ice-cold phosphate-buffered saline and scraped from dishes with rubber policemen into 1 ml phosphate-buffered saline and were sonicated for 15s. After precipitation with 10 % Trichloroacetic acid, proteins were measured by the method of Lowry et al. (20) .
PAI-1 levels in the serum were detected using the same ELISA kit. Since we used ELISA kit plated on t-PA antigen, the amount and activity of PAI-1 are simultaneously monitored. 
Measurement of 8-OHdG in serum---Serum

RESULTS
Enhanced expression of PAI-1 in adipose tissue from OLETF rats---We examined
the serum levels of PAI and its gene expression in adipose tissue from OLETF rats. The serum PAI-1 levels in OLETF rats began to increase at the age of 20 weeks and reached a maximum at the age of 50 weeks, whereas those in control LETO rats remained unchanged ( Fig.1 A) . The PAI-1 mRNA levels in visceral fat of OLETF rats, but not in LETO rats increased in parallel with the progression of serum PAI-1 ( Fig.1 B) . The serum glucose levels of OLETF rats at the ages of 12, 20, 30 and 50 weeks were 120.2±5.6, 160.7±15.2, 397.4±30.5 and 367.5±66.8 mg/dl, respectively, whereas there were no changes in those of LETO rats (123.2±6.5, 121.3±7.6, 123.3±2.9, 117.2±10.4, respectively). Thus, we confirmed that OLETF rats developed spontaneous and persistent hyperglycemia after the age of 20 weeks as originally described (15), which we found correlated well with the increased expression of PAI-1 in visceral fat.
Correlation between serum PAI-1 and serum 8-OHdG---The relationship between the serum PAI-1 and the serum 8-OHdG (8-hydroxy-2'-deoxyguanosine) levels is represented in Fig.2 A. In OLETF rats, a significant correlation was observed between the serum PAI-1 and the 8-OHdG levels (Fig.2 A; r = 0.65, P <0.001). In contrast, there was no correlation between those two parameters in control LETO rats (Fig.2 A; r = 0.10, not significant :NS). Thus, serum PAI-1 could be associated with oxidative stress during the development of diabetes in OLETF rats. Therefore, we examined the effect of probucol, a potent antioxidant, on PAI-1 activity, its gene expression, and serum 8-OHdG concentration. At the age of 30 weeks, the increased levels of serum PAI-1, 8-OHdG and adipose tissue PAI-1 mRNA in OLETF rats were suppressed by successively injected probucol in a dose-dependent manner. However, in LETO control rats, there was no increase in either serum PAI-1 or 8-OHdG level, which was not affected by probucol. Moreover, enhanced expression of PAI-1 mRNA in visceral fat was never observed in vehicle-injected 30-week-old LETO rats (Fig.2, B and C) . (Fig. 3C) . White adipocytes exposed to 0.1 mg/ml of AGE-BSA showed a time-dependent increase in PAI-1 mRNA (Fig. 3D) .
Inhibition of AGE-and high glucose-induced increase in PAI-1 expression by antioxidant (PDTC) and reactive oxygen scavenger (probucol)---We
further investigated the involvement of oxidative stress in the up-regulation of PAI-1 expression by AGE. As shown in Fig.4 , AGE enhanced PAI-1 expression at both protein and mRNA levels, which could be inhibited by either PDTC (antioxidant) or probucol (reactive oxygen scavenger). Moreover, to examine if this effect of AGE can be observed also by hyperglycemia, cells were incubated in high glucose for 48 h.
Thirty mM glucose induced an increase in PAI-1 activity and its gene expression compared with the control cells incubated in conventional medium (5.55 mM glucose).
This enhancement by high glucose was also inhibited by PDTC or probucol (Fig. 5 ). 6B ). The PAI-1 mRNA levels began to increase 4 h after addition of HNE, and reached maximum at 8 h (Fig. 6 D) . Fig.7 , the increases in PAI-1 activity and PAI-1 mRNA by 30 µM HNE were inhibited dose-dependently by antioxidant, Nacetylcysteine (NAC). On the other hand, at the concentration of 10-100 µM a glutathione synthesis inhibitor, L-buthionine-S, R-sulfoximine which favors intracellular redox environment to reduced state, augmented the effect of subthreshold concentration of HNE (3 µM) on PAI-1 expression (Fig. 8) .
An increase in PAI-1 expression in white adipocytes by 4-hydroxy-2-nonenal---As
Inhibition of HNE-induced increase in PAI-1 expression by antioxidant (NAC) and augumentation of subthreshold effect of HNE on PAI-1 expression by a glutathione synthesis inhibitor (BSO)---As shown in
AGE-or HNE-induced intracellular ROS generation results in the activation of the
transcription factor NF-κB---ROS production from white adipocytes was studied using a membrane-permeable fluorescent indicator, DCF-DA (6-carboxy-2',7'-dichlorodihydrofluorescein diacetate). The fluorescent microscopic images are shown in (Fig. 9 A) . Moreover, the stimulatory action of AGE was mimicked by exogenously added HNE. The generation of ROS stimulated by HNE in white adipocytes was blocked by pretreatment with antioxidant, NAC (Fig. 9 B) . Furthermore, to examine if the ROS generation under enhanced carbonyl stress could activate the transcription factor NF-κB, we monitored the degradation of IκB-α, an inhibitory subunit of NF-κB, in rat white adipocytes exposed to AGE or HNE. As shown in Fig. 9 C, Western blotting revealed that both AGE and HNE markedly reduced IκB-α levels, which were blocked by pretreatment with PDTC or NAC, respectively. resulting products of lipid peroxidation. We also observed that in the OLETF rats, plasma PAI-1 levels correlated well with plasma 8-OHdG, which serves as a good indicator of oxidative damage to DNA to monitor oxidative state in the whole body.
Moreover, we noticed that successively injected probucol resulted in significantly reduced PAI-1 both in plasma and at mRNA levels in adipose tissue, when OLETF rats remained hyperglycemic and PAI-1 up-regulated after 30 weeks of age. These in vivo experiments suggest that up-regulation of PAI-1 in OLETF rats is strongly regulated by cellular oxidative stress. Lipid peroxidation of polyunsaturated fatty acids in cell membrane yields reactive carbonyl compounds such as 4-hydroxy-2-nonenal (HNE) (49) (50) (51) . HNE has been considered as the end product of lipid peroxidation (30) . However, this compound is still active and exhibits a high reactivity with various molecules (30, 50) . In contrast to AGE, HNE may have no specific receptors and directly react with cell surface proteins and penetrate into cells, causing secondary alterations of the structure and functions of cells.
Then we investigated the effect of HNE exogenously added to rat white adipocytes on Recently, it is reported that HNE has been shown to induce intracellular peroxide production in cultured hepatocytes (52) . This finding is consistent with another study
showing that HNE itself induces lipid peroxidatioin, as judged by increased levels of malondialdehyde (53) . Given the rapid reactivity of HNE with various amino acids (54),
we can not rule out the possibility that the PAI-1 expression is due to ROS-independent modification of certain signaling molecules. Thus, reactive carbonyl compounds such as AGE and HNE once formed or activated induce diverse aspects of severe cellular stress, including peroxide formation (oxidative stress).
On the other hand, it has been shown that reactive carbonyl stress also affects the NF-κB-signaling pathway. NF-κB, one of the most extensively studied molecules affected by cellular redox status, has been suggested to play an important role in gene regulations (55) . Both AGE and HNE induced activation of NF-κB signaling pathway in white adipocytes, which is consistent with the previous reports that NF-κB resides in ROS signaling pathways and stimulates gene expressions. Activation of the PAI-1 promoter through the transcription factor Sp1 in vascular smooth muscle cells (56) and bovine aortic endothelial cells (57) exposed to high glucose has been reported. Further studies are needed to uncover the specific usage of transcription factors by hyperglycemia, AGE, and HNE in adipocytes.
Many biochemical pathways in diabetic complications associated with hyperglycemia are thought to be able to increase the production of free radicals (58) . This glucoserelated ROS production seems to occur in AGE-treated white adipocytes (in vitro) and in OLETF rats (in vivo). Based on our results, possible links among carbonyl stress (AGE, HNE), ROS, and PAI-1 up-regulation in white adipocytes were proposed ( 
FIG. 4. Inhibition of AGE-induced increase in PAI-1 expression by antioxidant (PDTC) and reactive oxygen scavenger (probucol).
Cells on day 9-11 were treated with 0.1 mg/ml AGE-BSA or 0.1 mg/ml BSA for 8 h.
Ten µM PDTC or 50 µM probucol was added to the culture 1 hr prior to the addition of AGE-BSA . After 9 h incubation, PAI-1 concentrations in culture media were measured by ELISA and total RNAs extracted from cells were subjected to Northern 
